Poliovirus consists of a messenger-sense, single-stranded RNA genome approximately 7,440 nucleotides in length packaged in 60 copies each of the capsid proteins VP1, VP2, VP3, and VP4 (14, 32) . Poliovirus genomic RNA and mRNA are identical in sequence: they contain a 5'-noncoding region of 742 bases followed by a 6,627-nucleotide open reading frame, a 72-base 3' untranslated region, and a 3' polyadenylate tract (14, 30, 45) . Both RNA species differ, however, in the structures of their 5' termini. Whereas viral mRNA terminates in pU, the genomic RNA carries an additional group, the genome-linked viral protein VPg, at the 5' end (7, 19, 23-25, 27, 28, 44) . It has been observed that all newly synthesized viral RNAs are VPg linked (VPg-pU...) (23) but that plus strands destined to become mRNA are unlinked from the 5'-terminal VPg to yield pU..., a process thought to be catalyzed by a cellular enzyme (2, 6) .
VPg is a basic, 22-amino-acid oligopeptide that is linked to RNA by a phosphodiester bond between the 5'-terminal uridine residue of the RNA and the 04-hydroxyl group of tyrosine, the third residue of VPg (1, 31) . VPg is not required for infectivity; the RNA is the only component of the virus necessary to initiate a productive infection of a susceptible host cell (44) .
VPg is a component of the poliovirus polyprotein (13) and is released from it by two cleavages at glutamine-glycine amino acid pairs (22) (Fig. 1) . It is not known at what stages in the replicative cycle these cleavages occur. The cleavage at the C-terminal glutamine of VPg is very rapid and leads, together with upstream proteolytic processing, to the emergence of 3AB (3B is VPg; see reference 32), a polypeptide thought to be a membrane-associated precursor of VPg (34) .
The mechanism by which VPg, or a VPg precursor, is linked to RNA has not been identified. Linkage of the * Corresponding author.
protein to positive-and negative-sense RNAs may occur by different mechanisms, since the negative-sense strands contain poly(U) at their 5' termini, whereas the 5' termini of positive-sense strands are heteropolymeric.
Despite intensive biochemical and genetic analyses, poliovirus genome replication remains a poorly understood process (17, 36) . Replication of poliovirus template RNA in a cell-free system, a means of simplifying the analysis of the role individual proteins and cofactors may play in various stages of RNA replication, has not been achieved. In vitro systems are complicated because genome replication occurs on membranes (9, 21, 26, (37) (38) (39) . Intracellular poliovirus RNA replication follows the pathway characteristic of other lytic, single-stranded RNA viruses with messenger-sense genomes. However, poliovirus and the other members of the family Picornaviridae employ a strategy of gene expression common to only a few plus-strand RNA virus families. Translation of the poliovirus genome yields a single polypeptide that is cleaved by viral proteinases to provide structural and nonstructural polypeptides (10, 22, 41) . Among the virus-specific nonstructural proteins is the primer-dependent RNA polymerase, 3DPo1, that is probably involved in the synthesis of negative-sense and positive-sense copies of the genomic RNA (8, 17, 36) . Individual steps of RNA synthesis, particularly initiation, are obscure; however, a proteinnucleotidyl moiety containing VPg or a VPg precursor is likely to be generated. Whether this is achieved through uridylylation of polypeptides (37) (38) (39) or by cleavage of a polynucleotide chain (8) 10 15
Schematic representation of poliovirus type 1 (Mahoney) and mutant VPgs. The amino acid sequence of the wild-type VPg is given by the one-letter amino acid code within the boxed region. Mutants are listed below the wild-type sequence, with their amino acid changes replacing the dashed lines. Construct pT7-VPg37 encodes a 5-residue insertion, as indicated. Some of the mutants contain arginine rather than lysine at position 10 of VPg; this conservative substitution was the result of construction of the mutagenesis cartridge. Whether infectious virus was recovered from transfected HeLa cells is shown to the right. interpreted as suggesting that the uridylylated protein may serve as a primer for RNA-dependent RNA synthesis (23, 37) . Priming of genome synthesis with a nucleotidyl polypeptide is not without precedent. For example, nucleotidylated proteins of adenovirus and the DNA bacteriophages +29 and PRD1 serve as a primers in DNA synthesis (12, 44) , during which they become linked to the genomic DNAs. Surprisingly, the PRD1 terminal protein shares some amino acid homology with poliovirus VPg (11, 12) .
Whether VPg serves as a signal for encapsidation of virion RNA into procapsids or is involved in the maturation cleavage of VPO to VP4 and VP2 (22) (42) or pEV104 DNA (35) . Purification of virions and preparation of viral RNA for sequencing were done as described previously (29) .
Construction of plasmids and transfection of cells. The construction of mutant cDNAs by using the VPg mutagenesis cartridge has been described previously (15, 16) . Complementary oligonucleotides encoding mutations were inserted into the VPg mutagenesis cartridge contained in the plasmid pNT15. Putative mutants were screened by dideoxy sequencing of plasmid DNA (5, 33) . BglI (nucleotide 5318)-to-BglII (nucleotide 5601) fragments from mutant clones were used to replace the corresponding fragment in the transcription plasmid pT7-VPgl5, which contains a fulllength clone of type 1 poliovirus under control of the phage T7 promoter. The sequence of mutants was confirmed by dideoxy sequencing of RNA transcribed from full-length clones (33) . Transcription of RNA by T7 RNA polymerase and transfection of cells using DEAE-dextran were done as previously described (16, 42) , except that cells were supported in Dulbecco modified Eagle medium containing 5% rather than 10% fetal bovine serum. Mutant RNAs were considered nonviable if no plaque-forming virus was detected by 48 h posttransfection. One-step growth curve experiments with viable mutants were done as previously described (15) .
Synthesis of radiolabeled polynucleotide probes. Radioactively labeled probes specific for positive-and negativesense poliovirus RNA were prepared by transcription from restriction endonuclease-digested plasmids containing poliovirus cDNA downstream from a T7 promoter. Transcription mixtures cpm of radiolabeled probe. Hybridization was done at 59°C for 16 h. After two 15-min washes in 6x SSPE-0.3% SDS at room temperature and two 15-min washes in lx SSPE-0.75% SDS at 37°C, the degree of hybridization was measured by exposure of the membranes to XAR-2 film (Eastman Kodak Co., Rochester, N.Y.).
Labeling of VPg-pUp. HeLa cell monolayers in 10-cm dishes were transfected with 2 ,ug of RNA or were mock transfected and incubated at 37°C. Nine hours posttransfection, the medium was aspirated and replaced with medium containing 2.5 ,ug of dactinomycin per ml. Fifteen minutes later, 32Pi was added to a concentration of 2 mCi/ml. At 20 h posttransfection, the medium was aspirated, the monolayers were rinsed once with cold phosphate-buffered saline, and the cells were lifted from the plates with trypsin. Cells were washed once with cold phosphate-buffered saline and lysed in 200,ul of lysis buffer. Clarified lysates were extracted once with phenol, ethanol precipitated, and treated with 0.5 mg of RNase A per ml and 0.2 mg of RNase T1 per ml for 30 min at 37°C. Immunoprecipitations were done with antiserum specific for VPg or 3A as previously described (39) . However, protein A-Sepharose was used in place of Staphylococcus aureus cells. A VPg marker was prepared by labeling a 100-ml suspension culture (4.5 x 105 cells per ml) with 5 ,uCi of ['4C]lysine per ml 45 min after infection with PV1. At 6 h postinfection, the 14C-labeled cells were harvested, and poliovirions were gradient purified as previously described (29 (Fig. 2B) , an observation proving the pivotal role of the amino acid in position 3 of VPg.
Is the viral RNA linked to VPg? To determine whether viral RNAs synthesized in transfected HeLa cells were linked at their 5' termini to VPg, it was necessary to prepare poliovirus RNA labeled to high specific activity with 32p. After phenol-chloroform extraction to remove proteins not covalently bound to the RNA (including intracellular free VPgpUpU; see below), the labeled material was digested with a mixture of RNases T1 and A, two enzymes that degrade the RNA to mono-and oligonucleotides with 3' phosphates. If VPg was linked to newly synthesized RNA in transfected cells, it could be identified as [32P]VPg-pUp after RNase treatment (since the 5' end of VPg-linked RNA is VPgpUpU...) through immunoprecipitation and polyacrylamide gel electrophoresis. Immunoprecipitations were carried out with antisera specific for VPg or 3A (39) . Immunoprecipitation with antiserum specific for 3A did not yield a detectable labeled product (Fig. 3A) . RNAs linked to a VPg precursor were not lost during phenol extraction of cell lysates (e.g., 3AB-RNA entering the phenol phase), as unextracted material examined in parallel with extracted samples also failed to yield 32P-labeled material recognized by anti-3A (data not shown). All the nonviable VPg mutants yielded material immunoprecipitated by anti-VPg that migrated to the same position as [14C]-lysine-labeled marker VPg-pUp (Fig. 3B) . The immunoprecipitated VPg-pUp is not derived from free VPg-pUpU in the transfected cells, as extraction with phenol-chloroform removed all VPg-pUpU from the lysates, a phenomenon described previously by Ambros and Baltimore (1, 2) . Accordingly, immunoprecipitations with anti-VPg sera after phenol-chloroform extraction but before nuclease digestion did not yield VPg-pUpU in our experiments (data not shown). (Fig. 4A and B) . However, no virions were detected in cells transfected with the replication-positive, nonviable RNAs (Fig. 4C) .
HeLa (Fig. 5) . VPg17 was generated by introducing a G-to-A substitution in the position 17 codon of the VPg-coding region, a mutation resulting in an arginine-to-glutamine substitution. The RNA sequence of the viable revertant retained the nucleotide changes used to introduce restriction sites into the mutagenesis cartridge but possessed the wildtype codon at position 17 and thus has the genotype of VPg15. Indeed, the plaque size of the revertant was similar to that of VPg15 and XL virus (data not shown).
Substitution of coxsackievirus VPg for poliovirus VPg. The replacement of poliovirus VPg with that of coxsackie B virus yielded VPg43, a viable chimeric virus. The VPg of this virus contained amino acids of CBV1, CBV3, and CBV4, a fortuitous result of construction of the mutagenesis cartridge (possibly due to mixtures in the oligonucleotides used) and/or molecular cloning. Specifically, the valine residue at position 6 corresponds to the VPg of coxsackievirus B3, while the lysine residue at position 12 is found in the VPg of coxsackieviruses Bi and B4. Cells transfected with chimeric transcripts displayed cytopathic effect at 40 h posttransfection and were completely lysed by 60 h posttransfection. VPg43 had a small-plaque phenotype (data not shown) and replicated less efficiently than PV1 in one-step growth curve experiments (Fig. 6) . Production of VPg43 virus was 100 to 1,000 times lower than that of PV1 during the replication cycle. As mentioned above, VPg42, a mutant with amino acid replacements similar to those of VPg43 but with an asparagine in position 3, was nonviable. (46) and also in the terminal protein of adenovirus DNA (4). However, the poliovirus replication system does not appear to allow substitution of tyrosine with serine. VPg(T3F) was undoubtedly nonviable and RNA replication defective because of the absence of a phenolic hydroxyl group with which a phosphodiester could be formed with the 5'-terminal uridylic acid. An essential role for tyrosine is likely for all picornavirus VPgs, since in all cases the tyrosine in position 3 is conserved (3) . Together with the analyses of the 5' termini of viral RNA isolated after transfection, these results support the hypothesis that a uridylylation-competent VPg is essential in poliovirus RNA synthesis.
DISCUSSION
A function of VPg other than involvement in RNA synthesis may be defective in the mutants that were RNA replication positive but nonviable. Genomic masking experiments are under way to examine the possible role of VPg in the encapsidation of viral RNA (43) . The hypothesis to be tested is whether VPg can serve as a specific signal for packaging of RNA into capsids. We must entertain, however, a more trivial explanation, which is that defective virus-specific protein synthesis in mutant-transfected cells may result in levels of capsid proteins inadequate for production of virions. 64, 1990 sidated? The insertion in 3A may result in defective interaction of 3AB with the membranous replication complex; the perturbation of 3AB function could be responsible for an impairment in encapsidation. In VPg35, the cleavage site AXXQ*G at the C terminus of VPg was changed to KXXQ*G, which is considered the least favorable of all cleavage sequences (22) . This mutant produced VPg-linked RNA; however, as VPg35 produced no cleavage between 3B and 3CD in vitro (16) , processing may take place at an impaired level in vivo.
Replacement of poliovirus VPg with that of coxsackievirus yielded a viable chimeric virus that did not replicate as efficiently as wild-type poliovirus. This is probably not due to a host cell restriction of virus multiplication, as multiplication of coxsackievirus strains is supported by R19 HeLa cells. Rather, the defect in multiplication may be due to an impairment of interaction between PV1 proteins and the heterologous VPg.
